ABSTRACT: Satellite cells are a heterogeneous population of myogenic precursors responsible for muscle growth and repair in mammals. The objectives of the experiment were to examine the growth rates and degree of heterogeneity within bovine satellite cells (BSC) isolated from young and adult animals. The BSC were harvested from the semimembranosus of young (4.3 ± 0.5 d) and adult (estimated 24 to 27 mo) cattle and cultured en masse. Young animal BSC re-enter the cell cycle sooner and reach maximal 5-ethynyl-2′-deoxyuridine (EdU) incorporation earlier (P < 0.05) than adult contemporaries. Adult BSC contain fewer (P < 0.05) MyoD and myogenin immunopositive nuclei than BSC isolated from young animals after 3, 4, and 5 d in culture. These results indicate that BSC from young animals activate, proliferate, and differentiate sooner than isolates from adult animals. Lineage heterogeneity within BSC was examined using antibodies specific for Pax7 and Myf5, lineage markers of satellite cells, and myoblasts. Immunocytochemistry revealed the majority of Pax7-expressing BSC also express Myf5; a minor population (~5%) fails to exhibit Myf5 immunoreactivity. The percentage of Pax7:Myf5 BSC from young animals decreases sooner (P < 0.05) in culture than adult BSC, indicating a more rapid rate of muscle fiber formation. A subpopulation immunopositive for Myf5 only was identified in both ages of BSC isolates. The growth kinetics and heterogeneity of young BSC was further evaluated by clonal analysis. Single cell clones were established and analyzed after 10 d. Colonies segregated into 2 groups based upon population doubling time. Immunostaining of the slowgrowing colonies (population doubling time ≥ 3 d) revealed that a portion exhibited asymmetric distribution of the lineage markers Pax7 and Myf5, similar to self-renewable mouse muscle stem cells. In summary, these results offer insight into the heterogeneity of BSC and provide evidence for subtle differences between rodent and bovine myogenic precursors.
INTRODUCTION
Originally described by Mauro (1961) , satellite cells are myogenic precursors that lie adjacent to the mature skeletal muscle fiber. These cells participate in growth and repair processes throughout the lifetime of the animal. Although their numbers decline with age, satellite cell supply is never abrogated, even with advanced age (Cardasis and Cooper, 1975; Schmalbruch and Hellhammer, 1976) .
A host of murine genetic models have established distinct subgroups of cells existing under the umbrella definition of satellite cells (Zammit, 2008) . A paired box transcription factor, Pax7, is recognized as a lineage marker required for embryonic and fetal maintenance of the vast majority of satellite cells (Seale et al., 2000; Lepper et al., 2009 ). The Pax7-expressing satellite cells divide in an asymmetric manner to self renew, as well as yield a Pax7:Myf5 daughter cell that is fated to become a muscle progenitor cell (Kuang et al., 2007) . Additional satellite cell populations are described based upon expression of Pax3 or combinations of Pax3, Pax7, and Myf5 (Beauchamp et al., 2000; Relaix et al., , 2006 . Furthermore, reports describe a minor population null for the Pax proteins and the myogenic regulatory factors (MRF) that exhibit stem-like properties, including myoblast formation (Qu-Petersen et al., 2002; Deasy et al., 2005; Lu et al., 2008) . These studies underscore the heterogeneity of lineage marker expression within the putative satellite cell pool.
No comprehensive examination of the temporal expression of lineage markers in bovine satellite cells (BSC) has been conducted to date. Cultured BSC readily proliferate and fuse into large multinucleated fibers, a feature often used to assess culture purity (Kamanga-Sollo et al., 2004) . Primary BSC cultures express the satellite cell lineage marker, Pax7, as well as transcripts for the MRF (Green et al., 2007; Kook et al., 2008) . Cultured BSC isolates from postnatal cattle do not express desmin, a traditional marker protein of mononucleate rat satellite cells, suggesting BSC may exhibit subtle differences in their gene expression profiles (Allen et al., 1991) . The objectives of these experiments were to define the heterogeneity within BSC isolated from young and adult animals with regard to Pax7 and Myf5 expression.
MATERIALS AND METHODS
All animals were handled according to approved practices from the University of Florida Institutional Animal Care and Use Committee.
BSC Isolation and Culture
The semimembranosus (SM) was removed from young (4.3 ± 0.5 d) Holstein bull calves (n = 6) or adult (estimated age 24 to 27 mo) Holstein cows (n = 4) at slaughter. None of the animals exhibited any adverse health conditions at the time of slaughter. Muscles were dissected free of visible connective tissue and minced in a commercial meat grinder. Muscle tissue was digested with 1 mg/mL of pronase XIV (Sigma Aldrich, St. Louis, MO) in PBS for 45 min at 37°C with gentle agitation at 10-min intervals. Protease was decanted from the digesta after centrifugation at 1,500 × g for 5 min at room temperature. The slurry was resuspended in PBS, vortexed for 5 min, and centrifuged at 500 × g for 10 min at room temperature. The supernatant containing satellite cells was retained. The process was repeated for a total of 4 times. Satellite cells were collected by centrifugation (1,500 × g) and washed with PBS twice. The final satellite cell pellet was resuspended in growth media [low-glucose Dulbecco's modified Eagle medium supplemented with 10% (vol/vol) horse serum, 100 U of penicillin/mL, 100 μg of streptomycin/mL, and 20 μg of gentamicin/mL] and passaged sequentially through 70-and 40-micron nylon filters (BD Biosciences, San Jose, CA). After centrifugation, BSC were cultured on entactin-collagen-laminin (ECL Cell Attachment Matrix, Millipore, Billerica, MA) coated tissue cultureware in growth media or stored in the vapor phase of liquid nitrogen until needed. All experiments were performed a minimum of 3 times with duplicate wells. All culture media and supplements were purchased from Invitrogen (Carlsbad, CA). Clones were established by serial dilution to achieve a single cell in each well of a 96-well, ECL-coated culture plate. Population doubling time (PDT) was calculated using the formula PDT = t/log 2 (N t /C i ), where t = time in days, N t = final cell number, and C i = initial cell number.
Immunocytochemistry
Immunocytochemistry methods are as detailed previously by our laboratory (Gonzalez et al., 2007; Ouellette et al., 2009) . Cells were fixed with 4% (wt/vol) formaldehyde (Polysciences, Warrington, PA) in PBS for 10 min at room temperature, followed by extensive washing with PBS. Nonspecific antigens sites were blocked with 5% normal goat serum in PBS containing 0.1% (vol/vol) Triton-X100 for 30 min at room temperature. Subsequently, fixed cells were incubated with anti-Pax7 (1:10 hybridoma supernatant, Developmental Hybridoma Bank, University of Iowa, Iowa City) and anti-Myf5 (1:50, Santa Cruz Biotechnology, Santa Cruz, CA) diluted in PBS containing 10% horse serum and 0.05% Triton-X100 overnight at 4°C. After extensive washing with PBS, the fixed cells were incubated with goat anti-mouse AlexaFluor488 (1:250) and donkey anti-rabbit AlexaFluor527 (1:150) diluted as described above. For the detection of single antigens, anti-MyoD (1:50, Vector Labs, Burlingame, CA), anti-myogenin (1:1,000, F5D ascites, Developmental Hybridoma Bank), and anti-myosin heavy chain (1:10 MF20 supernatant, Developmental Hybridoma Bank) were used in conjunction with goat anti-mouse AlexaFluor488. For the detection of cells traversing S-phase, 10 μM 5-ethynyl-2′-deoxyuridine (EdU), a thymidine analog, was added 2 h before fixation and visualization (Click-iT EdU, Invitrogen). Hoechst 33324 (Invitrogen) was included at 10 μg/mL for the detection of nuclei. Immunocomplexes were visualized with epifluorescent microscopy (Nikon Eclipse TE2000, Lewisville, TX) and representative images captured with a Photometrics CoolSnap EF digital camera using NIS Elements software (Nikon). Negative controls for immunocytochemistry were BSC-incubated with labeled secondary antibodies; no visible fluorescence was observed. For cell enumeration, a minimum of 8 microscopic fields at 200-fold magnification were analyzed. All other magnifications are indicated in the figure legends.
Statistical Analysis
Data were analyzed in a completely randomized design using PROC GLM and 1-way ANOVA (SAS Inst. Inc., Cary, NC). Differences between treatments were determined by PDIFF with P < 0.05 considered significant.
RESULTS AND DISCUSSION
Quiescent rat satellite cells exhibit an age-dependent decline in the return to mitosis in vitro Allen, 1993, 1995) . To determine if age affects BSC ac-tivation, primary cultures were established from the SM of young and adult cattle, and cell number ( Figure 1A ), DNA synthesis ( Figure 1B ), myogenic determination factor D1 (MyoD; Figure 1C ), and myogenin expression ( Figure 1D) were measured daily for 6 d. Within the first 48 h of culture, EdU incorporation was detected in young BSC with an increase in cell number apparent at 72 h. Maximal numbers of cells transiting S-phase were apparent within 72 h of cultures for young BSC. By contrast, adult BSC were delayed by nearly 24 h with regard to changes in cell number ( Figure 1A ) and EdU incorporation ( Figure 1B) . The age-dependent emergence from quiescence was similar to that reported for rat Allen, 1993, 1995) , mouse (Conboy et al., 2003; Betters et al., 2008) , and human satellite cells (Renault et al., 2000 (Renault et al., , 2002 . Satellite cell exit from G 0 , or activation, involves upregulation of genes associated with cell cycle regulation, oxidant stress, and matrix modification (Fukada et al., 2007; Pallafacchina et al., 2010) . The MRF called MyoD is a conventional marker of rodent satellite cell activation; its expression precedes that of thymidine analog incorporation (Smith et al., 1994; Yablonka-Reuveni and Rivera, 1994) . Immunocytochemisty revealed nuclear MyoD accumulation in <2% of total nuclei in young and adult BSC isolates at 48 h of culture ( Figure 1C ). The trace numbers of MyoD-immunopositive cells are substantially fewer than the numbers of EdU-incorporating cells, arguing that MyoD expression occurs after S-phase entry in young BSC. The asynchrony between EdU incorporation and MyoD expression is more noticeable in adult BSC. Forty percent of adult BSC contain detectable levels of EdU at 72 h, but a similar percentage of MyoD-immunopositive cells is not observed until 120 h of culture. The subtle difference in MyoD expression kinetics between rodent and BSC is intriguing because it suggests that not all aspects of satellite cell biology are conserved across species.
A paired box transcription factor, Pax7, is required for establishment and survival of the satellite cell pool (Mansouri et al., 1996; Seale et al., 2000) . Genetic ablation of the transcription factor during embryogenesis results in early neonatal lethality (Lepper et al., 2009 ). Expression of Pax7 and Myf5, an MRF abundant in quiescent satellite cells (Cornelison and Wold, 1997; Beauchamp et al., 2000) , was examined in mass cultures of young and adult BSC daily for 5 d. Three distinct subpopulations of BSC were identified by dual immunofluorescent staining for Pax7 and Myf5 independent of animal age. Representative photomicrographs of young BSC at 24 h of culture are shown in Figure 2A . The preponderance of BSC contain both Pax7 and Myf5 within the nucleus, as predicted for mitotically inactive satellite cells. A second cell type immunopositive for nuclear Pax7-only (arrowhead) and a third cell type immunopositive for Myf5-only (arrow) also were noted. Based on the mouse literature, we categorized the Pax7-only cell as a muscle stem cell and the Pax7:Myf5 cell as a muscle progenitor cell (Kuang et al., 2007) . Lineage marker expression patterns for the subpopulations were evaluated daily for young and adult BSC. The putative muscle stem cell (Pax7-only) represented almost 5% of the total cell population irrespective of time in culture or animal age ( Figure 2B ). By contrast, an age-dependent decline in the numbers of Pax7:Myf5 progenitors was noted with time in culture ( Figure 2C ). Both young and adult BSC progenitors comprised over 80% of all cells at plating (24 h). However, the percentage of progenitors in young BSC began to steadily decline (P < 0.05) at 48 h in comparison with adult BSC. Adult BSC progenitors represented a smaller proportion of the total cells at 96 h and were equivalent in number to young BSC at 120 h. The gradual decline in progenitor numbers likely is a reflection of differentiation as the reduction coincides with the earlier noted increase in myogenin expression (Figure 1D) . The overall 20% reduction in progenitors also closely paralleled the increase in Myf5-only expressing cells ( Figure 2D ). Approximately 10% of young and adult BSC were immunopositive for Myf5 only after 24 h of culture. The numbers increased over time, reaching approximately 20% of total by 5 d in vitro. Isolation of Myf5-only myoblasts from adult animals demonstrates that these cells are not remnant fetal myoblasts. The existence of this class of BSC is intriguing and uniquely different from mice. It raises the possibility that domestic cattle retain a population of Pax7-null myoblasts that are readily available to support fiber hypertrophy.
To further define BSC heterogeneity, clonal analysis was performed on cell isolates from the SM of young animals (n = 4). Single-cell clones were established in individual wells of 96-well plates and cultured in growth media for 10 d. Subsequently, the cells were fixed and colony size measured. Total numbers of cells per colony was used to calculate PDT. The PDT for 150 clones from a representative animal are depicted graphically in Figure 3A . The PDT ranged from 1.8 to >10 d; a small number of colonies remained mononucleated over the duration of the experiment. Results from 1,496 colonies representing multiple animals indicated 2 types of colonies exist based on fast-(PDT ≤2 d) or slow-(PDT ≥3 d) growth kinetics ( Figure 3B ). The divergent growth kinetics of the BSC colonies were similar to that reported for other species and likely reflect 2 populations in vivo. Early reports demonstrated at least 2 subpopulations of satellite cells in growing rats (Schultz, 1996) . Continual infusion of radiolabeled thymidine revealed the presence of a rapidly dividing satellite cell population that readily fused into the adjacent muscle fiber, as well as a smaller fraction (~20% of total) that incorporated label at substantially slower rates. Indeed, these putative muscle stem cells fail to become saturated with label after 14 d of infusion, suggesting a severely protracted cell cycle or a substantial number of quiescent cells. In a similar manner, turkey satellite cell colonies cultured for 10 d ranged in size from as few as 10 to over 1,000, with the rapidly dividing cell colonies exhibiting a greater propensity for fusion into muscle fibers (Rouger et al., 2004) . The fast-growing BSC clones described herein likely are analogous to the rapid-dividing, fusion-competent turkey and mouse satellite cells because they contain large myofibers expressing myosin heavy chain after 10 d (data not shown).
The slow-dividing BSC clones offer additional features distinct from their fast-growing counterparts, which include a smaller, light-refractile morphology. Small, round satellite cells isolated from mice proliferate more slowly, contain greater content of Pax7, and exhibit self-renewal properties, thus fulfilling the minimal requirements of a muscle stem cell (Hashimoto et Mass cultures of young and adult BSC were fixed and immunostained for paired box homeotic gene 7 (Pax7) and myogenic factor 5 (Myf5). Hoechst 33342 was used as a nuclear counterstain. The Pax7-only (arrowhead), Myf5-only (arrow), and Pax7:Myf5-duopositive cells were noted (A) and enumerated at the indicated times. The percentage was calculated as total positive divided by total cells multiplied by 100. Means and SEM from a minimum of 3 experiments (and animals) are presented. *Symbol denotes significance between ages at P < 0.05.
al., 2004). As such, slow BSC clones were established from young calves (n = 4), immunostained for Pax7 and Myf5, and evaluated for stem-like properties. Initial scoring of the clones (n = 156) revealed the presence of Pax7-only, Myf5-only, Pax7:Myf5 duopositive, and Pax7:Myf5 null colonies ( Figure 4A ). Results demonstrate that an extensive degree of heterogeneity with regard to lineage marker expression exists among the slow-dividing, putative stem cell colonies. The Pax7-only cells divide asymmetrically to self-renew and produce a Pax7:Myf5 daughter cell that represents a committed myogenic progenitor (Kuang et al., 2007) . Evidence of asymmetric division was noted in BSC clones with 1 cell containing nuclear Pax7, and a second cell expressing progenitor markers ( Figure 4B ). Of the 53 colonies expressing Pax7 and Myf5, 7 demonstrated evidence of asymmetry, with the remaining 46 colonies composed of cells immunopositive for both Pax7 and Myf5. Interestingly, approximately 15% of the slow clones contained 1 or more cells immunopositive for Pax7-only. These cells likely arise through planar division, as reported for mice (Kuang et al., 2007) . The niche cues regulating the type of division (asymmetric vs. symmetric) and the molecular signature of these 2 Pax7 subpopulations require further investigation.
The most intriguing subclass of BSC was that defined by Myf5 expression only. These cells represented almost one-half of all slow-dividing clones ( Figure  4A ) and were morphologically indistinguishable from Pax7-expressing muscle stem cells. Expression of Myf5 is regulated by Pax3, a paralog of Pax7 required for migration of myoblasts into the developing limb buds (Buckingham et al., 2003; Bajard et al., 2006) . Due to the lack of a reliable antibody, we were unable to monitor Pax3 expression in these clones. Mouse hindlimb muscles contain few Pax3-expressing cells by comparison with forelimb muscle and postural muscles of the back (Montarras et al., 2005) . The results presented herein indicate that the number of Myf5 BSC is considerably larger than the rodent Pax3 subclass, suggesting the 2 are distinct populations. Although the genetic fin- gerprint of these cells remains elusive, it is possible that they are derived from a Pax7 precursor, or alternatively, the cells may have expressed the lineage marker before isolation. The Pax7 mRNA contains target regions for miRNA-1 and miRNA-206 that effectively prevent translation of the gene product, thereby impeding proliferation and promoting differentiation (Montarras et al., 2005) . It is possible that Myf5 BSC downregulated Pax7 as a mechanism of restricting their fate toward the committed myoblast. However, it is worth noting that BSC clones proliferated, but failed to morphologically differentiate (data not shown), arguing against this scenario.
Others report that BSC can adopt divergent fates including that of an adipocyte. Supplementation of culture media with insulin, oleic acid, and the PPAR-γ ligand, ciglitazone, causes lipid droplet accumulation in both mono-and multinucleated muscle cells (Chung and Johnson, 2009 ). Thus, BSC possess the ability to form fat cells when placed in the appropriate environment. The identity of the BSC capable of conversion from the myogenic lineage to that of an adipocyte remains unknown, but may be the Myf5 subclass described herein. Fate mapping of Myf5-expressing cells in mice reveals that brown fat arises from this bifunctional population (Seale et al., 2008) . Although no evidence for white adipose tissue formation from a Myf5 precursor exists, it is possible that species differences may dictate the transdifferentiation potential. Identification of the BSC subclass capable of in vivo adipocyte formation may allow for the development of designer diets to improve intramuscular fat deposition.
In summary, BSC are a heterogeneous population that fall into 3 distinct subgroups based on expression of Pax7 and Myf5. The Pax7 and Pax7:Myf5 populations appear to be similar to the rodent muscle stem and progenitor cells, respectively. Unlike rodent satellite cells, a unique population of satellite cells that express Myf5 was identified. This group of cells is retained into adulthood and may represent a Pax3-expressing satellite cell. These results offer insight into the diversity of the satellite cell population in cattle and provide a framework for future efforts defining the optimal cell type for postnatal muscle growth.
